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INTRODUCTION 
Due to the continuing increase in fuel prices and 
the uncertainty of future supplies. a widespread interest 
in the efficiency of ground vehicles has developed. Of 
significant interest are improvements in the aerodynamic 
effi:ciency of high volume. "box-shaped" transports. such as 
delivery vans. motor homes. and trucks. This is because the 
generally poor aerodynamic shape of these vehicles has so 
much potential for significant improvement in efficiency. 
Prior to the fuel crisis and the rise in fuel prices 
in 1973 very little was done by the manufacturers of ground 
vehicles to improve the aerodynamic efficiency. Before that 
time the high aerodynamic drag of box-shaped transports was 
overcome by using more powerful engines resulting in 
increases in fuel consumption. After the fuel cr~sis 
1lUID8rOUS drag experiments were conducted on full-scale 
vehicles and wind tunnel models to improve aerodynamic 
efficiency. 
In 1973 the NASA Dryden Flight Research Center (DFRC) 
began full-scale tests on a box-shaped vanl . Various 
combinations of rounded and square corners were tested. 
Also tested was a faired and sealed underbody2. A 52-percent 
reduction in drag was obtained by rounding the front corners 
and a 15-percent reduction in drag was achieved by the 
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2 
addition of a full-length underbody seal to c:onfiguration C 
of reference 2. Further ground vehicle experimentation at 
DFRC included add-on drag reduction devices for tractor-
trailer combination trucks3 •4 . 
The present study is a continuation of the tests 
condw:ted on the box-shaped vehicle in 1973. The intent of 
the present experiment is to define a near optil:1um value of 
drag coefficient for a high volume type of vehicle through 
the use of a boattail. on a vehicle already having rounded 
front corners and an underbody seal, or fairing. The results 
of these tests will constitute a baseline for later follow-on 
studies to evaluate candidate methods of obtaining afterbody 
drag coefficients approaching the boattail values, but 
. 
without resorting to such impractical afterbody extensions. 
The current modifications to the box-shaped vehicle 
consisted of a full and truncated boat tail in conjunction 
with the faired and sealed underbody. Drag results from 
these configurations are compared with corresponding wind-
tunnel results of a 1110 scale model. 
Test velocities ranged up to 96.6 km/h (60 mph) and 
the corresponding Reynolds numbers ranged up to 1.3 x 107 
based on the vehicles length which includes the boattail. 
A simple coast-down technique was used to define drag . 
TEST VEHICLE 
.The box-shaped test vehicle used in early ground 
vehicle studies at NASA-DRCI • 2 was obtained by modifying an 
;.:.. .... --'''-~-~~'- --:~ 
3 
ordinary c:oaaaercial cab-over-eagine van. figure 1. The 
various configurations investi.gated in this study were once 
again achif!1fed as before by relatively simple changes to the 
sheet metal and subframe. The dimensions of the original 
square cornered configuration, as reported in references 1, 
2 and 4, are shown in figure 2. 
The three configurations investigated in this study 
were achieved through the addition of a full-boattail and a 
truncated boattail, configurations II and III respectively, 
to the baseline box-shaped vehicle, configuration I. 
Configuration I, which bad the same overall length. width 
and height as the square cornered vehicle shown in figure 2. 
featured rounded forebody borizontal and vertical corners. 
a faired and sealed underbody and a blunt aft-end, figure 3. 
This configuration was used as a baseline, for the present 
tests, to determine the percent decrease in drag obtained by 
the addition of the full and truncated boattails. Configu-
ration II consisted of the rounded forebody, the faired and 
sealed underbody and the full boattail, figure 4. The final 
configuration, configuration III. consisted of the truncated 
boattail in conjunction with the s_ rounded forebody and 
fairP.Ci and sealed underbody. figure 5. 
The size and contour of the boattail used in this 
st1!dy was determined from somewhat arbitrarily conceived 
full-scale size limitations, full..;scale (DFRC) tuft studies, 
and wind-tumlel flow visualization studies on a 1/10 scale 
mod3l (University of Kansas. reference 5). The length of 
-~- ... _.,...... 
4 
the boattail froa its base to its apex was, for practical 
considerati.oDs, restricted to. the width of the test vehicle. 
This length also approximates the equivalent diameter of the 
vehicle, De. The model flow visualization studies using 
tufts and neutrally bouyant helium bubbles to trace the 
streallliDes showed that the arbitrarily derived boattail 
geometry was effective in "closing" the flow to produce a 
relatively small wake. 
The full-seale truncated boattail configuration was 
a direct result of the model flow visualization studies. 
The length of the truncated boattail vas determined by 
cutting off the portion of the boattail behind the flow 
separation station as defined by the model tuft results. 
Dfaensions of the full and truncated boattails are presented 
in figure 6. 
The full-length underbody seal on the test vehicle 
was configured so that it faired smoothly into the rounded 
front lower horizontal surface and the bottom quarter of the 
boattail. An aft facing gap underneath the vehicle permitted 
the cooling air that passed through the engine radiator to 
escape duriDg '·eooling-vent-open" operation. The aft part 
of this gap is shown in the lower left portion of figure 7, 
t..ediately beloW the rear portion of the wheel well. Figure 
a shows the full-length underbody seal as viewed from the 
front. 
'l'he front wheel wells were sealed us~g tape and 
fiberglass cloth impregnate~ with silicone rubber to allow 
----------~--~~----------
lr'~l . 5 
• 
the front suspension system to flex. Figure 7 shows the 
right front wheel well seal as viewed from a point slightly 
forward of the right front wheel. 
The rear wheel wells were sealed using sheet metal 
and tape. Vertical slots were provided in the rear wheel 
seals to allow the rear axle to respond to small road 
discontinuities without damaging the seals. Figure 9 shows 
the right rear wheel seal as viewed from a point slightly 
forward of the rear axle. 
EXPERIMENTAL CONCEPT 
Newton I S second law of motion states that the time 
ra:e of change of DIIOIDeDtum of a body equals the applied 
force. In the case of a decelerating vehicle. the applieu 
force is that of aerodynamic and mechanical drag _ Thus , 
since momentum is mass times velocity we have: 
~ {(mass) (velocity)} = Force; 
or 
d at (mv) - F 
where Dl - mass, and v - velocity. In the event the mass is 
constant we conclude; 
dV 
mat- ma - F 
for the case of a road vehicle decelerating fram a high 
speed. the total drag equals the mass.. times the deceleration. 
~ 
" 
-~ .... 
The following equation results for a road vehicle deceler-
ating from a high speed. 
ill - ~o.5pv2<;, A - fW 
a 
(1) 
The term on the left-band side of the equation is 
the effective mass times the acceleration. The first term 
on the right-band side is the aerodynamic drag force. and 
the second term is the mechanical drag force. 
6 
The aerodynamic drag force is assumed to be a 
function of velocity squared, where the aerodynamic drag 
coefficient <<;, ) is virtually independent of velocity. The 
a 
mechanj cal drag consists of the tractive drag of the tires. 
bearings and seals. the gear resistance of the differential 
and drive train and the thr.1St due to the rotational inertia 
of the wheels and tires. 
Because the mechanical drag was essentially inde-
pendent of configuration and because of the large number of 
variables involved, an analytical description of the mechan-
ical drag is considered to be outside the scope of this 
study. Therefore, the variation of tractive drag with 
velocity, with the tires being the major source, was approx-
imated using Boerner's equation for rolling resistance6 . 
The variation of the tractive drag with velocity as approx-
imated by Boerner'3 equation for rolling resistance was 
extrapolated from a nearly "static" level measured value 
of tractive drag. Boerner's equation for rolling resistance 
coefficient is: 
• __ I:II:II_"'=--:!II"""'_~'~. ,,- ---="'" -~'.....:c' _______ ...... __ ......... _ .... =" 
7 
f - 0.005 + (O.1Sr-p") + (0.000035 ill"p") (2) 
where p - tire pressure (psi.). and V - velocity (mph). 
Boerner's rolling resistance is approximately 
proporti.onal to the load under which the wheels are moving. 
Th~ rolling resistance coefficient is primarily dependent 
upon the inflation pressure "p". and to a minor extent upon 
the velocity of the vehicle. The rolling resistance of the 
tires is not independent of velocity and to assume such can 
cause major errors in the determination of aerodynamic drag 
from coast-down tests. 
The second part of the mechanical "drag" is due to 
the rotational kinetic energy of the tires and wheels. The 
thrust due to the rotational inertia of the tires and, wheels 
is taken into account in the correction of the vehicle's 
mass. The effective mass of the vehicle is then m, where 
m - m + ~m and ~m is the correction for rotational inertia. 
For this analysis the ~ value used to account for the 
rotational inertia, as determined from torsional pendulum 
tests of the tires and wheels, is 2.4-percent of the vehicle's 
mass or m - 1. 024 times the actual mass. m. 
DATA REDUCTION 
In this analysis of coast-down data, an analytical 
model was used to separate the mecban i cal drag £Tom the 
aerodynamic drag. Because of the nature of the data obtained 
from the coast-down tests. a relationship expressing velocity 
f\"! 
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8 
as a function of time was needed to determiDe the aerodynamic 
drag contribution of the total drag. To obtain this rela-
tionship. equation I was integrated with respect to time 
after the inclusion of Hoerner' s semiempirical equation for 
rolling resistance. -The result of this integration is: 
Vet} - (B//iA) tan(tan-l vo(IBA/B}--lBA{t» (3) 
where; A - (O.5PCo A)/m + 0.000035~/ip) 
a 
B - 0.005 + (O.15/p) 
(see appendix A for the complete integration process). 
To analyze the coast-down data a computer program 
was written to determine the aerodynBlBic drag and the aero-
dynamic drag coefficients. This program (VEHICLE) utilized 
a subroutine (ZXSSQ) from the International lfath and 
Statistics Library. The subroutine ZXSSQ solves nonlinear 
least squares problems using a modified finite difference, 
Levenberg-Marquardt algorithm. This modification eliminates 
the need for explicit derivatives. The purpose of ZXSSQ was 
to find the minimum of the sum of squares of II functions in 
R variables using the velocity-time data obtained from the 
coast-down tests as residuals in equation 3. See appendix 
B for a listing of the program VEHICLE. 
In this analysis. the mechanical (tractive) drag 
was extrapolated from an experimentally measured value 
obtained at very low velocities. where the aerodynamic drag 
and the inertial thrust effects could be neglected. The 
aerodynamic drag on the other band was an llpknown and 
! 
~ . 
. ~ .. 
~ 
// 
9 
therefore the aerodynamic drag coefficient (Cz, ) was written 
a 
into equation 3 and the computer program as a variable, X(l)_ 
. _FroIiLthe. input-residuals (velocity-time data). the aero-
dynamic drag coefficients and the aerodynamic drag at the 
corresponding velocity intervals were determined. Methods 
of analyzing coast-down data which have been ~ed by other 
investigators are presented in references 7 to 10. 
COAST-DOWN METHOD 
Coast-down tests are used to experimentally determine 
the rolling resistance and the aerodynamic drag of road 
vehicles. 'l"bis teelmique has been demonstrated to be a 
prac~eal method for obtaining high quality drag data for 
road vehicles under a simulation of actual operating 
conditions. provided that sufficient care is taken in the 
details of the test technique. This technique is attractive 
because of its simplicity and low cost. It also permits 
data to be obtained at any desired velocity range and in 
both directions on the test surface. 
The coast-down technique consists of accelerating 
the vehicle to a few miles-per-hour above the starting 
velocity of each test whereupon the manual transmission is 
disengaged to allow the vehicle to decelerate in neutral. 
The time it takes for the vehicle to slow to given velocities 
is then recorded and used to calculate the vehicle drag. The 
vehicle was weighed, with occupants. before and after each 
series of tests to provide ~e proper mass for computing 
---~ 
i 
drag (a "series of tests" is meant herein to refer to the 
test runs accomplished during a given day). 
10 
the mechan~cal drag of the test vehicle was measured 
~- . - .-- -----------" 
experimentally at very low velocities after each series of 
tests. 'l'his was done by slowly towing the vehicle over a 
lewl surface using a hand held spring scale. The measured 
force was then used as an endpoint in the extrapolation of 
Hoerner' s rolling resistance equation. This extrapolation 
was assumed to account for the entire mecbanical resistance 
of the test vehicle while decelerating in neutral. The 
vehicle began each day of testing with a. tire pressure of 
2.48 x 105 pascals (36 lb/in2). Figure 10 shows the final 
a.pproximation of mechanical drag 'as a function of velocity. 
All of the drag data for the box-shaped vehicle were 
obtained during cooling-vent-closed operation. This was 
done so that the effect of the cooling drag could be elim:i-
nated during each coast-down run. The cooling vent was 
opened between runs and during vehicle acceleration so that 
overheating of the engine would not occur. A portion of the 
cooUng vent door may be seen at the extreme front of the 
vehicle in figure 5 whereas. in contrast. the vent was closed 
in figure 3. 
The final drag results for the full and truncated 
boattaU configurations were obtained by subtracting the 
incremental drag of the fifth-wheel and the fifth-wheel 
support system (figure 11) from the measured overall drag 
values containing the "side-:mounting" drag increment. The 
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11 
blunt aft-end. baseline configuration was used to determine 
this increment as it bad a fifth-wheel mount located on the 
blunt a£t~end of the . veb:ic:le (figure 12). which was not 
usable in the full and truncated boattail configurations. 
The incremental drag of the "side-mounted" fifth-wheel and 
support system was determined by subtracting the coast-down 
results obtained with the trailing fifth-wheel. on config-
uration I. from the "side-mounted" coast-down results. also 
obtained from configuration I. Figure 13 shows these data 
over the range of test velocities. 
All of the drag data for the box-shaped vehicle were 
obtained using the coast-down technique. The deceleration 
of the vehicle was _sured using a bank of five O.l-second 
stopwatches and a calibrated. fifth-wheel driven. precision 
speedometer which provided.a O.l-mile per hour readout 
capability. 
DtSTlWMERTATION 
A fifth-wheel was used in this study to accurately 
measure the velocity of the bolt-shaped test vehicle. In 
use. the fifth-wheel trails the test vehicle and continues 
to rotate. or measure speed and/or dist.ance. while the 
vehicle is in motion. 
The fifth-wheel system transmits miles-per-hour 
and/or trip mileage by cables to digital readout speedometer 
and odometer units located inside the test vehicle. The 
fifth-wheel system operates.by sending pulse counts based 
.... ~\.1 
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u 
en the rotation of the wheel to these 'instrument units. 
the instrullents operate from a l2-volt negative ground 
battery system 'Which -eaneither be the vehicle' s battery or 
a secondaxy battery. When properly calibrated, a fifth-wheel 
will accurately measure velocity and/or distance. 
Calibration of the fifth-wheel. is achieved by varying 
the tire pressure. Reducing the tire pressure increases the 
indicated speed and distance and increasing the pressure will 
reduce the 'indicated speed and distance; When properly 
calibrated, the system accuracy is within O.l-percent of the 
total distance (maximum variation of 5 feet in one mile). 
Calibration of distance automatically calibrates the velocity 
due to the crystal controlled clock. The crystal controlled 
clock is accurate within O.02-percent, thus providing 
accurate measurements of velocity. Speed readouts are within 
:t 0.5 mph of the true vehicle speed at speeds from. 0 to 
150 mph. 
The calibration of the fifth-wheel was accomplished 
on the auxiliary runway used in the coast-down tests. An 
accurately laid out distance course was measured for cali-
bration purposes. The calibration of the fifth-wheel was 
completed ~1Dg a trial and error method. The fifth-wheel 
tire pressure was varied depending on the distance measure-
ment at the end of each calibration run. The reSUlting cold 
tire pressure was 36 psi. The fifth-wheel distance cali-
bration was periodically checked after coast-down runs and 
was det~ed to be wit~ ± O.OS-percent of the actual 
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distance (1Mxi,... variation of 1 "foot in 1000 feet). 
The time increaents correspondiDg to preselected 
velocity interva.J.!I ___ ~e~~ed using a bank of fi.ve 0.1-
second stopwatches. The time increments corresponding to 
preselected velocity intervals in miles-per-hour (i.e .• 60 
to 55. 55 to 50. 50 to 45. 45 to 40. and 40 to 35) were. 
obtained by starting all the stopwatches simultaneously at 
the starting veloci.ty and stopping them individually at the 
end of each preselected velocity interval. The stopwatch 
data vere then hand recorded at the end of each test run. 
Figure 14 shows the layout of the instrumentation in the 
vehicle. 
TEST CONDITIONS 
All of the -coast-down tests were made on an auxiliary 
runway at Edwards Air Force Base, CA. This runway had an 
exceptionally 8IK)()th asphalt surface and a constant elevation 
gradient of o. OS-percent. The gradient effects on the 
deceleration were small and were essentially elimdnated by 
the averaging of successive r.ms in opposite directions. 
The averaging of successive runs in opposite directions also 
accounted for head or tail wind effects provided wind con-
ditions remained constant over the duration of both runs. 
-. . 
It should be eapbasized. however. that test runs were made 
early in the day when it was quite c:al:a whicl1 virtually 
eliminated wind effects on the vast majority of test runs. 
Wind velocity and direction. ambient pressure and 
I 
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temperature were recorded every 15 1IIiDutes at the Edwards 
Air Force Base weather station duri.Dg each day' s series of 
tests so that the .air __ density __ could be calculated and 
general atmospheric factors could be taken into account. 
The test vehicle was driven to and from the auxiliary runway. 
a distance of approximately 15.3 ldla.eters (9.S miles). 
This provided a pretest warm-up wldch also brought the 
temperature of the oil in the differential up to an essen-
tially steady-state level. thus minim zing the variation of 
this effect £rom test-run to test-run. 
RESULTS AND DISCUSSIOB 
Flow Visualization 
Tuft patterns for the full boattail configuration 
(configuration II) at a speed of 116.7 km/h (72.5 mph) are 
shown in figures 15 and 16. Both figures show that the flow 
separates at or just slightly aft of the horizontal and 
vertical tape lines nearest the apex of the boat tail. Figure 
IS clearly shows that the flow reaudnsattached over the 
bottoa quarter of the boattail up to this tape line. The 
achievement of attached flow over the bottom surface of the 
boat tail was considered to be an important factor relative 
to the overall objectives of this experiment. i.e.,- deter-
mining a near optimum level of drag for a high volume 
transport type of vehicle through the use of a boattail. 
Tuft patterns for the truncated boattail 
- .. ~ -----~ 
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configuration (configuration III) at a speed of 107.8 km/h 
(67 mph) are shown in figures 17 and 18. Figure 17 clearly 
shows the attached .flow_.overthe top. the bottom and the 
left side of the truncated boattail. The dangling white 
tufts in figure 17 show the stagnant conditions that one 
would expect on a blunt base moving perpendicular to the 
airflow. Figure 18 shows a more comprehensive view of the 
attached airflow over the wetted surfaces of the vehicle 
and the stagnant conditions over the base of the truncated 
boattail. 
Aerodynamic Drag 
The aerodynamic drag is presented in figure 19 for 
eaeh configuration as a function of velocity. The curve for 
each configuration is a fairing of the coast-down results 
using a least squares polynomial regression analysis. The 
curves for all three configurations are presented for 
comparison purposes on the composite plot in figure 20. 
Aerodynamic drag coefficients for each configuration 
as obtained from the present full-scale tests (DFRC) and 
Table I. The full-scale configuration results are for 
vehicle speeds of 96.6 km/h (60 mph) and 80.5 km/h (50 mph). 
which for the purposes of this report are considered to be 
''h1ghWay speeds." All of these data are for the cooling vent 
closed condition ~o that a more meaningful comparison can be 
made with the wind-tunnel model . results . 
/" 
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The percentage reduction in drag coefficient for 
both the full-scale tests and the corresponding wind-tunnel 
tests was obtained by dividitig the --incremental drag coeffi-
cient by the appropriate baseline value. The percentage 
difference between the wind-tunnel drag coefficient and the 
full-scale average drag coefficient for each configuration 
was obtained by dividing their difference by the full-scale 
average value. 
The results given in the table -indicate -that an 
ave~age 32-percent reduction in aerodynamic drag was attained 
with the addition of the full boattail to the blunt aft-end. 
baseline configuration at vehicle speeds ~aa 80.5 km/h 
(50 mph) to 96. 6 km/h, (60 mph). 1. e:, highway speeds. The 
corresponding wind-tunnel results indicated that a 37-percent 
reduction in aerodynamic drag was attained on the 1/10 scale 
model at a Reynolds number of 2. 7 x 106 . The table also 
indicates that an aver~ge reduction of 3l-percent in aero-
dynamic drag was attained with the truncated boattail on the 
full-scale vehicle over the same range of highWay speeds 
while corresponding trind-tunnel results showed a 38-percent 
reduction in aerodynamic drag. The incremental drag 
coefficient of the side-mounted fifth-wheel and the fifth-
wheel support system was determined to be 0.030 (~c;, - 0.030) 
a 
at a vehicle speed of 96.6 km/h(60 mph). 
The relatively small difference between configurations 
II and III (for V - 96.6 km/h, (60 mph» indicates that the 
boattail was cut in approximately the right place. This small 
j 
i --: 
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drag ~t. approzimately 3.8-percent at this velocity. 
shows that it is possible to elimdnete the additional lengt~ 
and ineffectual vol~_of...~~.Hboattail apex while retaining 
almost all of the aerodynamic effectiveness of the complete 
boattail. At a speed of 80.5 laaIh (SO mph) or lower. the 
drq coefficients of configurations II and III are essen-
tially the same. thus establishing the truncated boattail 
as. overall, the ]lOst efficient of the two on the basis of 
aerodynamic drag and useful volume'-
The drq reductions provided by the boattails in the 
present aperu.nt and in referen':!~ -S are very significant. 
but they should be interpreted with caution. As was men-
tiODe4l 011--..... 14. "the achieVeaielit of attac!led flow over 
the bota. surface of the boattail was considered to be an 
iaportant factor relative to the overall objectives of this 
experiment. i.e •• determining a near optimum level of drag 
for a hi.ah volUllle transport type vehicle through the use of 
a boatta1.l. U That is to say. it is necessary to provide 
attached flow upstream of all boattail surfaces in order to 
"xh.'.zethe reduction in afterbody drag. Thus. the rounded 
forebody corners and the a.ooth. sealed underbody of the 
baseline vehicle. configuration I. provided a near ideal 
candidate Vehicle for ~trating good boattail performance. 
The reader is hereby forewarned that the addition of a boat-
tail to a configuration baVbg separated flow. or perhaps 
even relatively low energy flow, over one or more upstream 
surfaces may ~esu1t in significantly smaller drag reductions 
than cim.'lDStrated herein or in reference 5 (see references 
11 and 12 for eoramples). 
It is also interesting to---note -that although the 
aerodynamic drag coefficient (<;, ) was assumed to be con-
a 
stant with velocity in this analysis, in actuality it was 
18 
found to vary with vehicle velocity. The variation of 
aerodynamic drag coefficient with vehicle velocity for all 
configurations is shown in figure 21. This figure shows 
that the aerodynamic drag coefficient decreases with 
increasing veldcle velocity. This decrease is due to the 
higher energy of the flow and the delay in separation over 
the aft-end of the vehicle. 
CONCLUDDlG REHA1nCS 
The effectiveness of the full boattail in delaying 
flow separation over the aft-end of the vehicle (reducing-
the size of the wake) is apparent in the average 32-percent 
reduction in aerodynamic drag as compared to the baseline 
drag at bighway speeds. The relative effectiveness of the 
truncated boattail is similarly apparent in the average 
3l-percent reduction in aerodynamic drag as compared to the 
baseline configuration. 
The small drag increase,' approximately j.8-percent 
at 96.6 km/h (60 mph), which occurred when the--boattail was 
truncated indicates that the boattaU was cut in approxi-
mately the right place. This relatively small increase in 
• 
• 
19 
drag shows that it is possible to eliminate the additional 
length and ineffectual volume of the boattail apex whi.le 
retaining almost all_of the aer~~c e~f.~ct~veness of the 
full boattail. The drag coefficients of the full and trun-
cated boattail.s are essentially the same for speeds of 80.5 
klll/h (50 mph) and lower. Thus the -truDcated boattail is the 
more efficient of the two, overall, on the basis of aero-
dynamic drag and useful volume. 
The aerodynamic drag coefficients and the percentage 
reduction -in drag obtained by the addition of the full and 
truncated boattails to the baseline configuration in tl'~;; 
study were obtained using an approzimation for rolling 
~esiatance. However, it is felt that future work in the 
area of coast-down analysis should be conducted Where both 
the aerodynamic drag coefficient <<;, ) and the rolling 
a 
resistance coefficient (f) are treated as variables. This 
will provide a greater accuracy in the determination of 
precise values of CD for a specific configuration. 
a 
~ 
. /. 
[ 
I 
.... ~aa .... GE~ ____ ~ __ =.n~~~ ________ _ 
REFERENCES 
L Saltzman, E. .I ~ and Meyer, R. R., Jr., "Drag Reduction 
Obtained by Rounding Vertical Corners on a Box-Shaped 
Ground Vehicle," RASA 'I'M X-56023, March 1974. 
2. Saltzman, E • .I., Heyer, R. R., Jr., and Lux, D. P., 
"Drag Reductions Obtained by Modifying a Box-Shaped 
Ground Vehicle," NASA TM X-56027, October 1974. 
3. Montoya, L. C. and Steers, L. L., "Aerodynamic Drag 
Reduction Tests on a Full-Scale Tractor-Trailer 
Combination with Several Add-On Devices J " 
NASA 'I'M X-5602S, December 1974. 
4. Steers, L. L .• Montoya, L. C. J and Saltzman, E . .1., 
"Aerodynamic: Drag Reduction Tests on a Full-Scale 
Tractor-Trailer Combination and a Representative 
Box-Shaped Ground Vehicle." Society of Automotive 
Engineers, Paper SAE 750703. August 1975. 
5. Muirhead, V. U •• "An Investigation Of Drag Reduction 
On Box-Shaped Ground Vehicles." KU-FRL #lSO, July 1976, 
The University of Kansas. 
6. Hoerner, S. F .• "nuid-Dynamic Drag," published by the 
author (14S Busteed Dr., M1dland Park, N . .1.), 1965. 
7. mute, R. A. and Korst. H. H., "The Determination of 
Vehicle Drag Contributions from Coast-Down Tests," 
Society of Automotive Engineers. Paper SAE 720099. 
January 1972. 
8. ltorst, H. H. and White, R. A., "Evaluation of Vehi.cle 
Drag Parameters From Coast-Down Experiments Conducted 
Under Non-Ideal Enviromental Condi.tions," Presented 
at Joint ASHE-CSHE Applied Mechanics Fluids 
Engineering and BioEngineering Conference - Niagara 
Falls, New York, June lS-20, 1979. 
9. Dayman, B., Jr.. "Effects of Realistic Tire Rolling 
Resistance upon the Dete%1Di.nation of Aerodynamic 
Drag from Road-Vehicle Coast-Down Tests," Proceedings 
of the Second JJ.AA Symposium on Aerodynamics of 
Sports and Competition Automobiles, Vol. 16, Western 
Periodicals, IDs Angeles, CA. 1975, pp. 229-23S. 
20 
""'~-
/ 
-~ -
./ 
~ :::-:... ""'t".'~' :-' .. -- ~-.- ~ q ~~. - • ~ ',-=:;- """";:-- :~"'-f: : ~._':.; ~ 
10. Dayman, B. Jr., "Tire Rolling Resistance Measurements 
from Coast-Down Tests." Society of Automotive 
Engineers, Paper SAB 760153, February 1976. 
11. Muirhead, V. U., "An Investigatioti of Drag'-aeduction---
for Tractor Trailer Vehicles with Air Deflector 
and Beattail," RASA CR-l63104. January 1981. 
12. Huirhead, V. U •• "An Investigation' of Drag Reduction 
for a Standard Truck with Various Modifications," 
RASA CR-l63107. Kay 1981. 
. :\. ... 
21 
ri 
~--.-.. --....•.. 
\ 
-·_··1 
I 
i 
I 
I 
! 
, ~:" 
1, • ..-
.. I 
~~\)i 
!F~j 
t~i 
'\ 
" 
"V 
\ 
," 
:~' I 
" i 
'/ ( 
I) 
• 
,. 
", 
" I 
.... 
t3 ~ 
N :ri (,!I 
c;C 5. ~ 
I~ 
~~ 
',/ 
., 
\ 
\ 
\ 
_. 
I 
I 
I 
I 
I 
I 
I 
r---
1---------I 
I 
I 
I 
I 
\ 
\ \. 
\ \ \ \ 
\. \ 
---~------------------, I -- , , 
\ , 
I 1.11 (11.5) 
__ J). 
~ 
_ ........... 
~.::1.11 (ZlD) 
Figure 2. Dimensions of original square-comered config\n"ation in meters (inches), reference 1. 
N I~ 
t 
\ 
///",-
. ~ ,/ 
// 
//' 
ORIGINAL "PAGZ "IJ 
Df. POOR QUALITY 
E-38163 
Figure 3. Configuration I, V = 0 (eogine cooliDg door closed). 
E-38011 
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Figure 9. Right rear wbeel we1l. seal as viewed fran s1 ighrly 
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V = 116.7 km/h 02.5 mph). 
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Figure 17. Tuft pattems for truncated boattail, connguration 11._. 
V = 107.8 km/h (67 ~h) (note "dangling" ..tri.te tufts 
over base region). 
E-38091 
FiFe 18. Tuft: patteJ::ns for t:ruccated boattail. cmfigura.tion In. 
v = 107.8 l<m/h (67 u¢) (mte "dangling" wbite tufts 
aver base region). 
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Table I. Cooparison of teats run at the Dryden Flight Research Center and the thiversity of Kansas. 
-
Co ' me % ' reduction, %a - Cn 
Configuration a a a 
R - 1.3 x 107 %.KU percEllt 
me, avg. l<lJ 
a - -
SO.S lcm/h 96.6 lcm/h R. 2.7 x 10
6 
Jli'RC %a 
lFRC I<lJ average KU IFRC,avg. 
~--' ...... -.-....•. ". ". 
(SO aph) (60 IJ1)h) avg. percent 
.. -
4 *(0.426) *1l.449 - ... ··0.9 
I 0.455 0.435 0.445 
14 (0.436) 0.459 ... ... ··3.1 
II 16 , 0.315 0.288 0.302 *(0.270) *0.284 32 37 6.0 
-
III 17 0.314 0.299 0.307 *(0.265) *0.279 31 38 9.1 
-I-
-
I ___ 
---~ ------~-----
IFRC - ~1l-scs1e tests, DrydEll Flight Research Center. 
KU • ChI-tEllth scsle teats, thiversity of l<anS8S fran reference 5. 
( ) • values based on reference area A', as in reference 5. 
'" _ tho •• drq co.ff1cl~t. &ra for confisurationl without towing hitch, reference 5 (note, full-scale vehicle had towing hitch). 
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APPENDIX A 
INTEGRATION PROCESS 
F - ma - -0.5pv2Cn A - fW 
a 
f - 0.005 + (O.IS/p) + (0.000035 vl/p) 
F - ma - -o.spvlCn A - (0.005+(0.15/p)+(0.00C035 vl/p»W 
. a 
41 
a - -(o.spvlc;, A)/m - (0.005+(0.15/p)+(0.00003S V2/p» (W/m) 
a 
a - -(o.spvlc;, A)/m - 0.000035(Vlw/pm)-(0.005+(0.15/p»(W/m) 
a 
a - -«(O.5pc;, A)/m + 0.000035 W/m)V2 - (O.005+(0.15/p»(W/m) 
a 
Let A - «0.5pCn A)/m + 0.000035 W/m) 
a 
B - (0.005 + (O.lS/p» 
a - = --Avl - B 
dV 
- de - --:-rr 
AT + B 
Integration Formula 
dx _ IlJab tan-I xlab/a 
a +.2 
dV _ IN BA tan -1 V lM/B AV2 + B 
-dt - dV 
B + Av-Z 
-t + to - IIlBA tan-I VIWB - l11BA tan-I VoJBA/B 
-tJBA - ~-1 V/BA/B - tan-I VolBAts 
tan-I VJBA/B - tan-I VoJBAjB - 1M (t) 
---
-.~--:;> ~:-;:;:-/ -
~/ 
- ~\":: 
.,. 
I 
..--------
/ 
~/./ 
_ci 
/ 
VJBA/B - tan (tan-1 voJBA/B - 1M (t)) 
V(t) - (B/liA> tan (tan -1 VoJiAlB - JBA (t» 
Where A - «O.SpCn A)/m + 0.000035 W/m) 
a 
B - (0.005 + (O.lS/p» 
/"' 
-C __ -'\: 
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Equation 3 
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APPENDIX B 
COMPUTER PROGRAM VEHICLE 
00100 PROGRM VEHIa.£( INPUT wOUTPUr w TAPES-INPUT w TAPES.ouTPUT' 
~UO EXIElIAI. FUNC 
00120 INTEGER NwNwIXJACwNSIGwftAXFNwIOPTwI.INFERwIER 
00130 lEAL PIIN(4'.X(2'wF(50)wXJAC(SOw2'.XJTJ(I300).NORKC1700J.EPS. 
00140+ DELT.wSSlwXJTJ.Y(50)wU(SO)wAO.AFw~wVOwNwG(501 
00150 cm ... 'ZS8/Y.UwG.AD.Eft.AFwVO,N.P.J 
00180 L.5 
00170 N-l 
00180 N-t 
00190 NlIG-4 
00200 IXJAC-50 
00210 EPS-o.O 
00220 IELTI\-o.O 
00230 MXFII-5OO 
00240 IOPT-l 
00Z50 X(I'-.5 
00210 1EII(5w.)IwJ 
00270 1EII(5w.'ENwADwAFwNwVOwP 
00280 1ItTE(lwSO'ENwI.J 
00210 50 FallAT(/.5X.-EFFECTIVE NASS .-.FI0.4,15X,-RUN ·,I2,---,12) 
00300 "11£(8.55'. 
00310 55 FOIIIT(/.5Xw·AIR DENSITY :-,FIO.8) 
00320 "11£(8.80). 
00330 80 FlalAT(Jw5Iw·FRONTAL AREA "-,FlO.4) 
00340 .. nE(8.1S'" 
00350 &5 FOIRAT(/.5X.-NEIGHT z-,FI0.4) 
00380 "1TE(8w 70'VO 
00370 70 FDIIIT(/w5X.·INITIAL VELOCITY .·.F10.4) 
00310 .. 11£(I.73'P 
00310 73 FUlMT(J .51. ·EXTRAPOLATED TIRE PRESSURE .- .Fl0.4) 
00400 I-I 
00410 10 1EID(5 •• 'U(IJ.Y(I) 
00420 J-I 
00430 "11£(8.75' 
00440 75 FDlRAT(I'w8X,·TIRE·wSlw·VELOCITY·) 
004S0 "11£(Sw80) 
004&0 80 FOIRAT(5Iw· •••••••••••••••••••••••••••• ·./) 
00470 NRtTE(I.85'U(I).Y(I' 
00410 85 FDlNAT(5X.FI0.4.5X.FtO.4' 
00480 CALL ZXISI(FUIC.R ..... IG.EPS.DELTAwNAXFNwIOPTwPARftwX.ssa.F. 
00500+ X.IAC. IXJAC w XJT J.NCIRK w lIFO. IER' 
00510 0-.5*AF*AD*X(I'.(Y(I'''2' 
00520 .. 11£(I.85'X(I'.O 
00S30 95 FOIIIAT(Jlw5X.·CDEFFICIENT OF DRAG .·.FlO.S.5X.·AERQ DRAG ••• 
00540+ FIO.S) 
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